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Pigmentation in avian eggshells appears to be associated with shell strength, temperature regula-
tion, and camouﬂage. The pigments found in eggshells are mainly porphyrins, which have been uti-
lized therapeutically as photosensitizers. Here, we examined the photoinactivation of gram-positive
(Staphylococcus aureus, Bacillus cereus) and gram-negative bacteria (Escherichia coli, Salmonella
enteritidis) by hen eggshells and their pigments. The results indicated that eggshells have a light-
dependent antimicrobial activity against gram-positive, but not gram-negative, bacteria. Our results
indicate the possibility that the natural pigments used therapeutically have evolved in nature as a
defence system.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Staphylococcus aureus [8] to the gram-negative Pseudomonas aeru-Most ground-nesting birds utilize exposed nest sites. Conse-
quently, if birds leave their eggs unattended, the clutch may be
lost, either to visually hunting predators or to overheating due to
solar radiation. These two causes of death exert opposing selective
pressures on eggshell pigmentation. In many species, a disruptive
pigment pattern appears to serve as a means of camouﬂage, pro-
viding protection against visually hunting predators. Pigmentation
may also play a role in temperature regulation [1]. Fischer and Kögl
found that a porphyrin is contained in the eggshells of many birds
[2]. Kennedy and Vevers discovered that brown and black pig-
ments are mainly associated with protoporphyrin IX (PP) while
blues and greens are associated with biliverdin (BV) and zinc bili-
verdin (ZnBV) chelate [3,4]. Mikšík et al. also reported that the col-
our of eggs depends on the amount of porphyrins, ranging from the
white eggs of starlings to the highly spotted eggs of yellowham-
mers [5].
Photosensitizers such as porphyrins are utilized in combination
with visible light in photodynamic therapy (PDT) and photody-
namic antimicrobial chemotherapy (PACT) to kill cancer cells and
pathogens [6,7]. A wide range of organisms from the gram-positivechemical Societies. Published by E
liverdin; CFU, colony-forming
py; PBS, phosphate-buffered
rin IX; ROS, reactive oxygen
yrin IX
, Towada, Aomori 034-8628,
. Ishikawa).ginosa [9] have been shown to be susceptible to photodynamic
inactivation with a number of different photosensitizers in vitro.
The photodynamic effect of many sensitizers involved in PDT and
PACT is associated with the generation of reactive oxygen species
(ROS) [6]. A photosensitizer can transfer energy from its triplet
state by two processes: directly to molecular oxygen with the gen-
eration of singlet oxygen (1O2) (type II reaction); or by interaction
with a solvent or substrate via electron or proton transfer, with the
generation of radicals (type I reaction). Although 1O2 is believed to
be the major mediator of photochemical cell damage for many
types of photosensitizers, oxygen species such as the superoxide
anion ðO2 Þ and the hydroxyl radical (OH) can also induce
deleterious effects that include lipid peroxidation and membrane
damage [10].
Avian eggs are susceptible to microbial attack in a number of
ways. Bacterial infection of eggs occurs mainly after laying when
the eggs are exposed to contaminating microorganisms in the sur-
rounding environment, feces, dust, and soil. It has been reported
that several hundreds to millions of bacteria consisting of several
species are typically observed on the surface of an eggshell [11].
In general, most of the bacteria found on hen eggshells are gram-
positive, the most prominent of which are desiccation-resistant
species of Micrococcus [12]. Gram-negative bacteria are generally
susceptible to desiccation; consequently, it may be difﬁcult for
them to grow on the eggshell surface. Eggs are equipped with both
physical and chemical defences against microbial infection, and it
has been suggested that these defences have evolved to protect
the developing embryo [12]. Even if both gram-positive and
gram-negative bacteria have the same probability of entering thelsevier B.V. All rights reserved.
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bacteria will be prevented by lysozyme and other antibacterial
proteins present in the egg albumen [12].
In this study, we sought to conﬁrm our hypothesis that eggshell
pigments provide cryptic protection against bacteria as photosen-
sitizers via their photodynamic antimicrobial action. In addition,
we examined whether hen eggshell pigments have photodynamic
antimicrobial effect when exposed to illumination.2. Methods
2.1. Chemicals
Protoporphyrin IX, zinc protoporphyrin IX (ZnPP), and biliver-
din (Frontier Scientiﬁc Inc., Logan, UT, USA) were prepared as stock
solutions in 1 M sodium hydroxide and further diluted with phos-
phate-buffered saline (PBS). Zinc biliverdin was prepared using the
method of Kennedy and Vevers [3]. Unless otherwise stated, all the
chemical reagents used in this study were purchased from Kanto
Chemical Co., Inc. (Tokyo, Japan).
2.2. Eggshells and eggshell pigments
Brown eggs laid by Rhode Island Red hens, white eggs laid by
White Leghorns, and green eggs laid by Araucanas were obtained
commercially. The eggshells were cleaned to remove the eggshell
membranes, roughly crushed, and then air dried in the dark. Prep-
aration of pigments from brown eggshells (Rhode Island Red) (as
methyl esters) was performed using the procedure described by
Mikšík et al. [5]. Brieﬂy, eggshell pigments were solubilized in
methanol containing 5% sulfuric acid at room temperature in the
dark for 2 days. After this period, the coloured extract was ﬁltered
in order to remove shell membranes. Chloroform and distilled
water were then added and the mixture shaken. The colourless epi-
phase was discarded and the coloured hypophase was washed
with 10% NaCl, followed by distilled water, until the washings were
neutral. The extract was evaporated to dryness, reconstituted in
1 M sodium hydroxide, and further diluted in PBS to A400 = 0.2.
2.3. Microorganisms
Two gram-positive bacteria (S. aureus JCM2413, Bacillus cereus
JCM3152) and two gram-negative bacteria (Escherichia coli
JCM5491, Salmonella enteritidis NIAH10590) were used in this
study. S. aureus was grown aerobically overnight in brain heart
infusion broth (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) at
37 C. B. cereus, E. coli, and S. enteritidis were grown overnight in
nutrient broth (Oxoid Ltd., Hampshire, UK). The cells were har-
vested after centrifugation at 2000g for 5 min and washed twice
with PBS (pH 7.4). The cell pellet was then resuspended in PBS (pH
7.4) to A660 = 0.4, corresponding to 108–109 colony-forming units
(CFU)/mL.
2.4. Microbial photoinactivation studies and survival assay
Aliquots of the bacterial suspensions (107–108 CFU/mL) were
transferred to zipper polyethylene bags and incubated in the dark
with or without roughly crushed eggshells (1.0 g), the eggshell pig-
ment solutions, or porphyrin solutions at 37 C for 30 min. The to-
tal volume of the reaction solutions was adjusted to 10.0 mL by
adding PBS. After pre-incubation in the dark, the bacteria were illu-
minated in an illuminated incubator (Eyelatron FLI-160; Tokyo
Rikakikai Co., Ltd., Tokyo, Japan) at a light intensity of 36.5 W/m2
on a rotary shaker at 100 rpm and 37 C. After illumination, the
survival of the bacteria was determined by counting the numberof CFU. Aliquots of treated and untreated (no photosensitizer, no
light) cells, serially diluted with PBS, were plated on growth med-
ium supplemented with 2% agar, and the number of CFU/mL was
determined after 18–24 h of incubation at 37 C. The two controls
used were bacteria untreated with photosensitizer or light but
maintained at 37 C in zipper bags covered with aluminum foil
for the duration of the illumination, and bacteria exposed to light
in the absence of a photosensitizer. Survival was expressed as a
percentage relative to that of a control sample containing no pho-
tosensitizer taken at the beginning of each experiment prior to
illumination.
Studies in the absence of oxygen were performed by replacing
the oxygen in the test bags with nitrogen for 30 min before the
pre-incubation and maintaining a nitrogen atmosphere during
the illumination. In addition, type I scavengers (mannitol, glycerol),
type II quenchers (sodium azide, histidine), and a mixed type
I-type II quencher (tryptophan) were added to the bacterial sus-
pensions incubated with eggshell pigments 30 min prior to illumi-
nation. The number of CFU was determined as described above.
2.5. Statistical analysis
Each experiment was performed at least in triplicate. Results
are expressed as the mean ± S.D. One-factor analysis of variance
(ANOVA) and Dunnett’s test were performed to compare differ-
ences between the groups, using KaleidaGraph 4 (HULINKS, Tokyo,
Japan). For the appropriate experiments, Student’s t-test was used
to compare differences between treatment groups.3. Results and discussion
Two gram-positive bacteria (S. aureus and B. cereus) and two
gram-negative bacteria (E. coli and S. enteritidis) were used to
determine the antibacterial toxicities of the shells of brown eggs
laid by Rhode Island Red hens. Fig. 1a–d shows survival curves
for the four bacteria incubated with and without the eggshells un-
der light and dark conditions. Illumination of the two gram-posi-
tive bacteria incubated with the eggshells caused a considerable
decrease in cell survival. Fig. 1a shows that the survival of S. aureus
incubated with eggshells and illumination for 360 min was signif-
icantly decreased to less than 0.01%. As shown in Fig. 1b, another
gram-positive bacterium, B. cereus, was also photoinactivated
using eggshells. More than 99.995% of B. cereus cells exposed to
eggshells and illuminated for 360 min were killed. In contrast, for
the two gram-negative bacteria, S. enteritidis and E. coli, illumi-
nated in the presence of the eggshells, there was no appreciable
decrease in cell survival (Fig. 1c and d). Control experiments
showed that the survival of all bacteria tested in this study was
unaffected by either 360 min of illumination alone or by 360 min
of dark incubation with and without brown eggshells.
Several investigations have established that gram-positive bac-
teria are very sensitive to photodynamic inactivation by a variety
of photosensitizers [13,14]. However, with a few exceptions,
gram-negative bacteria have shown resistance to the photody-
namic action of the sensitizers, unless substances such as CaCl2,
EDTA, or polymyxin B non-apeptide are employed. These latter
agents alter the outer membrane permeability, thereby rendering
the bacteria photosensitive [15,16]. The reasons for the apparent
resistance of gram-negative bacteria to photosensitization are un-
clear; however, this could be related to the charge on the photo-
sensitizer. Moreover, cytotoxicity studies on various bacterial
strains have shown the different sensitivities of gram-positive
and gram-negative bacteria to singlet oxygen [17].
To examine the photodynamic inactivation of different coloured
eggshells, S. aureus was incubated with the shells of brown, white,
Fig. 1. Survival curves for S. aureus (a), B. cereus (b), E. coli (c), and S. enteritidis (d) incubated with and without the shells of brown hen eggs under light and dark conditions at
37 C.
Fig. 2. Photodynamic effects of different coloured eggshells on bacterial survival. S.
aureus was incubated with the shells of brown, white, and green hen eggs under
light (a) and dark (b) conditions for 60 min at 37 C. **P < 0.01 versus the control
(without eggshells).
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Fig. 2a, illumination for 60 min with brown, white, and green egg-
shells signiﬁcantly decreased the survival of S. aureus by 0.41%,38.85%, and 1.31%, respectively. In contrast, S. aureus incubated
with these eggshells in the dark showed no signiﬁcant changes
in survival compared with the controls (Fig. 2b). These ﬁndings
suggest that differences in the photodynamic antimicrobial activity
of the different eggshells could be dependent on the species and/or
the amounts of pigment used as a photosensitizer.
The major pigments of avian eggshells are PP, ZnPP, BV, and
ZnBV [4]. We examined the photodynamic antibacterial activity
of pigments from brown eggshells and their porphyrins and por-
phyrin derivatives. As shown in Fig. 3a and b, the survival of S. aur-
eus exposed to the eggshell pigments PP and ZnPP at high
concentrations with illumination for 10 min was decreased to less
than 1%, whereas the survival was not signiﬁcantly affected by any
pigment under conditions of dark incubation. These results suggest
that the photodynamic inactivation of gram-positive S. aureus by
eggshells might be mainly attributable to the shell pigments.
We next examined the mechanism of S. aureus photoinactiva-
tion by the eggshell pigments. In order to evaluate the effect of
oxygen in the solutions on the photoinactivative activity of the
eggshell pigments, illumination was performed in a nitrogen atmo-
sphere. As shown in Fig. 4a, the survival in a nitrogen atmosphere
with illumination was signiﬁcantly increased to approximately 10
times that of the illuminated control. In contrast, the replacement
of oxygen with nitrogen did not affect the survival under condi-
tions of no illumination (Fig. 4b). These results suggest that molec-
ular oxygen is signiﬁcantly involved in the photodynamic action of
the eggshell pigments.
ROS such as 1O2, O

2 , and OH
 are actually generated during pho-
tosensitization by porphyrins [18,19]. Moreover, the results shown
in Fig. 4a indicate that toxic ROS might be generated during the
illumination of the eggshell pigments. We therefore next examined
the effect of ROS scavengers and quenchers on the survival of
Fig. 3. Photodynamic effects of eggshell pigments and their porphyrins and
porphyrin derivatives on bacterial survival. S. aureus was incubated with the
pigments from brown eggshell (A400 = 0.2 diluted 10 and 100 times), protoporphy-
rin IX (PP) (1 and 10 lg/mL), zinc protoporphyrin IX (ZnPP) (1 and 10 lg/mL), BV (1
and 10 lg/mL), and ZnBV (1 and 10 lg/mL) under light (a) and dark (b) conditions
for 10 min at 37 C. **P < 0.01 versus the control (without pigments).
Fig. 4. Effect of oxygen on the photodynamic inactivation of S. aureus by eggshell
pigments. S. aureus was incubated in the air (control) and in nitrogen with brown
eggshell pigments (A400 = 0.2 diluted 10 times) under light (a) and dark (b)
conditions for 10 min at 37 C. *P < 0.05 or **P < 0.01 versus the control.
Fig. 5. Effect of ROS scavengers and quenchers on the photodynamic inactivation of
S. aureus by the eggshell pigments. S. aureus was incubated with brown eggshell
pigments (A400 = 0.2 diluted 10 times) and mannitol (13.3 mM), glycerol (300 mM),
sodium azide (1 mM), histidine (10 mM), or tryptophan (3.3 mM) under light (a)
and dark (b) conditions for 10 min at 37 C. **P < 0.01 versus the control (in the air
with eggshell pigments only).
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aureus was treated with eggshell pigments alone or with pigments
in combination with various scavengers and quenchers for 10 min
under light and dark conditions. Mannitol and glycerol as scaveng-
ers of the superoxide anion and hydroxyl radical (type I reaction),
sodium azide and histidine as quenchers of single oxygen (type II
reaction), and tryptophan as a mixed type I–type II quencher were
used to investigate whether type I or type II photoinactivation is
the predominant mechanism of action. All tested type I scavengers
and type II quenchers signiﬁcantly increased the survival of
S. aureus in the light (Fig. 5a). After illumination, incubation of
S. aureus with the eggshell pigments in the presence of tryptophan
signiﬁcantly increased the survival from 0.24% to 1.76%. However,
incubation of S. aureus with the eggshell pigments in the presence
of various scavengers and quenchers without illumination had no
effect on cell survival (Fig. 5b). These results suggest that the pho-
toinactivation is probably the result of a mixed type I/type II
mechanism.
We showed that the eggshells themselves possess photoantim-
icrobial activity. While porphyrins and metal porphyrins are
known as a photosensitizer, many chromophores are not necessar-
ily a photosensitizer in the solid state [7]. A recent paper has used a
porphyrin embedded into nanoﬁbres as a topical antimicrobial, like
the function of the porphyrins in the eggshells [20].
Collectively, our results indicate for the ﬁrst time the possibility
that the natural pigments have evolved in nature as a defence sys-
tem. Eggshell might be a light-catalyzed antimicrobial tile against
desiccation-resistant gram-positive bacteria.Acknowledgment
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